D
ESPITE more than 150 yr of study and hundreds of millions of administrations annually, 1 the precise molecular mechanisms by which general anesthetics achieve the hallmarks of the anesthetized state-hypnosis, amnesia, and analgesia-remain shrouded in uncertainty. Despite their widespread use, these drugs are among the more dangerous employed in medicine, with therapeutic indices ranging from 2 to 4 and troubling nonfatal off-target effects including neuroapoptosis and potentiation of neurocognitive decline. [2] [3] [4] [5] Historically, the search for newer, safer general anesthetics was a mixture of empiricism and serendipity; modification of structures of existing anesthetics has been the primary means of recent drug development, while it was the rare occasion where an entirely new anesthetic class was discovered (the last major advancement being the alkylphenols in the 1970s). In part, the explanation for this stateof-affairs is uncertainty with regard to the major target(s) underlying the desirable actions of these important drugs.
Fortunately, some progress has been made. Investigations over the past 20 yr suggest certain proteins as functional targets of general anesthetics. 6, 7 Studies demonstrating key functional interactions between general anesthetic agents and specific ion channels, including two-pore K + channels and ligand-gated ion channels such as N-methyl-D-aspartate and γ-aminobutyric acid type A receptors (GABA A Rs), lend credence to the theory that altering the activity of one or more of these channels is important to producing general anesthesia. [8] [9] [10] Although one of these putative ion-channel targets, the GABA A R, is activated by many known anesthetic agents, the lack of a high resolution structure for this heteromeric ion channel has impeded novel drug design targeted at modifying this channel's activity. This is further complicated by the recent findings that ligand gated ion channels like GABA A R have multiple allosterically active sites [11] [12] [13] ; attaching functional significance to each will be challenging.
We have previously reported that apoferritin, a soluble protein that readily submits to structural studies using x-ray crystallography, binds anesthetics proportionally to their anesthetic potency in a well-defined interhelical site.
14 Moreover, this site bears secondary, tertiary, and quaternary structural similarity to the transmembrane region of ligand gated channels. 15 We further have described a screening assay based on competitive binding, employing apoferritin as a surrogate for the unknown anesthetic protein target and the fluorescent anesthetic 1-aminoanthracene (1-AMA) as a reporter molecule. 16 Having miniaturized the assay, it became possible to perform high-throughput screens (HTSs) on large numbers of small molecules, to better explore chemical space. Here, we describe this HTS assay to determine anesthetic activity in a library of more than 350,000 compounds (National Institutes of Health Chemical Genomics Center, Bethesda, MD). 17 Compounds found to be "active" were confirmed as interacting with apoferritin using isothermal titration calorimetry (ITC), followed by testing of anesthetic activity first in a tadpole model and subsequently in an in vivo mammalian (mouse) model. This process has yielded a novel chemotype with general anesthetic activity and potencies approaching those of the alkylphenols.
Materials and Methods

Probe Report
As a requirement of funding through the Molecular Libraries Initiative of the National Institutes of Health Roadmap for Medical Research (NIH U54MH084681) we issued a nonpeer-reviewed technical report detailing portions of this project; the report is indexed on PubMed.
18
Quantitative High-throughput Screening (qHTS) Assay All qHTS assays employed black 1,536-well plates (Greiner Bio-One; Frickenhausen, Germany) and used phosphatebuffered saline, pH 7.2, with 0.1% polyethylene glycol 400 as the assay buffer. An integrated robotic system (Kalypsys; San Diego, CA) with one RX-130 and two RX-90 robotic arms (Staubli; Duncan, SC) executed all screening procedures. Two (no. 3 and 4) of the 48 columns per plate served as negative controls, containing 3 μl 50% saturated solution of 1-AMA in assay buffer. The other 46 columns contained 3 μl 10 μM apoferritin and 50% 1-AMA in assay buffer. Twentythree microliter of 160 mM propofol dissolved in dimethyl sulfoxide (DMSO), the positive control, was added to the top two rows of one column (no. 2). The remainder of the positive control column consisted of two-fold dilutions of propofol in duplicate, for a total of 16 dilutions of propofol. The robotic system delivered all propofol by pin transfer from separate control plates to the experimental plates. The Kalypsys system similarly delivered 23 μl of experimental compounds to the remaining wells via the 1,536 pin Kalypsys pintool array (10 nl slotted pins; V&P Scientific, San Diego, CA). The plates were incubated at room temperature for 10 min before reading on an Envision HTS multilabel reader (Perkin-Elmer; Waltham, MA) equipped with a Fura2 Blue Fluorescent Protein excitation filter (380 nm, 10 nm bandwidth) and fluorescein emission filter (535 nm, 25 bandwidth) combined with a LANCE/DELFIA dichroic mirror (wavelength cutoff 400 nm). In order to speed the overall screen, we used two robotic dispensers and two Envision scanners. Throughout the screen, all liquid lines and reagent containers were made light-tight to prevent reagent degradation.
Compound library plates were screened with concentrations ranging from 6.9 to 153 μM, with a total of five concentrations compared to the baseline 1-AMA/apoferritin. Vehicle-only plates (containing DMSO only in the "compound" region of the plates) were inserted uniformly at the beginning and the end of each library to evaluate any shifts in the background signal. Activity was computed as the fluorescence response normalized to free 1-AMA and 1-AMA/ apoferritin complex values. Concentration-effect relationships were derived by using publicly available curve fitting algorithms developed in-house. 19, 20 A four parameter Hill equation was used to fit the concentration-response data by minimizing the residual error between the modeled and observed responses. Those compounds that both displayed full or partial inhibitory curves and which had a maximum response 6 SD above the mean in either normalized or uncorrected data sets were classified as "top actives."
General Methods for Chemistry
All compounds used for ITC, the [ 3 H]flunitrazepam assay, and all biologic assays were either purchased via commercial sources and purified, or synthesized at the National Institutes of Health. Specific chemical synthesis procedures are detailed in Supplemental Digital Content 1, http://links. lww.com/ALN/B109. All air or moisture sensitive reactions were performed under positive pressure in nitrogen using oven-dried glassware. We obtained the anhydrous solvents, including dichloromethane, N,N-dimethylforamide, acetonitrile, methanol, and triethylamine, from Sigma-Aldrich (St. Louis, MO). We employed a Waters semi-preparative high-performance liquid chromotography system for all preparative purification. This included a Phenomenex Luna C18 (5 micron, 30 × 75 mm) column (Phenomenex; Torrence, CA); the mobile phase was acetonitrile and water (both with 0.1% trifluoroacetic acid) using a 10% to 50% acetonitrile gradient more than 8 min at 45 ml/min. Analytical analyses were carried out on an Agilent liquid chromatograph/ mass spectrometer (Agilent Technologies, Santa Clara, CA) (see Supplemental Digital Content 1, http://links.lww.com/ ALN/B109, for details on chemical synthesis).
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Isothermal Titration Calorimetry
Compounds meeting our criteria as top actives and possessing high ligand efficiency were reevaluated using ITC to determine direct binding signatures between the compounds of interest and apoferritin. All ITC experimentation took place on a MicroCal VP-ITC system (MicroCal; Northampton, MA). The compounds were dissolved to produce approximately 1 mM solution in qHTS buffer without DMSO (described under qHTS assay section) via vigorous shaking and repeated sonication, followed by filtration through a 0.2-μm polytetrafluoroethylene syringe filter. Absorption spectroscopy compared to standards prepared in organic solvents determined the precise concentration of the prepared solutions (since some were not soluble at 1 mM). For each compound, the 1.43 mL ITC sample cell was loaded with apoferritin in qHTS buffer, the reference cell was loaded with water and the syringe loaded with 286 μl of the investigative-compound solution. The ligand-containing syringe was then titrated into the sample cell at room temperature. Titrations were performed in duplicate. In order to correct for heat of dilution, parallel titrations of buffer into buffer, buffer into apoferritin solution, and compound solution into buffer were performed. The corrected data were fitted to single-class binding models using Origin software (version 5.0, OriginLab; Northampton, MA). 
GABAAR [3H]flunitrazepam Binding Assay
Xenopus Tadpole Anesthetic Activity and Toxicity Assay
All animal studies were performed with approval from the Institutional Animal Care and Use Committee at the University of Pennsylvania (Philadelphia, Pennsylvania) and in accordance with National Institutes of Health guidelines. Prelimb Xenopus tadpoles were obtained from Nasco (Fort Atkinson; WI). All tadpole experiments were carried out in a ~20-fold dilution of Ringers saline solution (artificial pond water). All compounds used in animal studies were obtained from commercial sources. For each experiment, 10 tadpoles were placed in 20-mm Petri dishes containing approximately 20 ml pond water. Experimental compounds in DMSO stock were added to the pond water to create final concentrations of 100, 10, and 1 μM. After incubation in these solutions for 1 h, tadpoles were scored for the anesthetic phenotype, defined here as a lack of startle response (no movement in response to a sharp tap on the Petri dish lid). The lack of startle response corresponds well to loss-of-righting reflex (LoRR) in mice and loss of consciousness in humans. 21 After exposure, the pond water was changed, and return of startle response monitored for 24 h. If tadpoles remained immobile after 24 h, toxicity was assumed, and death was typically confirmed by observing cessation of heartbeat.
Tadpoles were exposed to compounds from the 6-phenylpyridazin-3(2H)-one chemotype at 100 μM. Those compounds producing 100% immobility at 1 h were retested at 10 and 1 μM. Compounds that produced delayed death without immobility as well as those that produced death at 1 and 10 μM concentrations were eliminated from further testing. Importantly, compounds that produced death at 100 μM (a group that included propofol) were tested at the lower concentrations.
LoRR Anesthetic Potency Assay in Mice
All experimental mice were wild-type female C57BL/6J aged 2 to 4 months (Jackson Laboratories; Bar Harbor, ME). Compounds that demonstrated anesthetic activity in tadpoles at 1 μM, and were devoid of apparent toxicity, were additionally tested in mice. Whereas DMSO was used as a solvent for the tadpole exposures, the volumes needed for reliable tail-vein injection in mice (>50 μl) approached the LD 50 for DMSO in mice. As an alternative vehicle, a solution of 60% 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) in 0.9% sterile sodium chloride (pH 7.4) was used. The final concentration for the ML306 (5) solution was 28.5 mg/ml (54.2 mM) while the concentration of the administered 14, 13, and 12, solutions were between 30.0 and 45.0 mg/ml (74.1 to 116 mM). Injections were given at 40, 80, and 100 mg/kg. Injection volumes were calculated to the nearest 2.5 μl. Investigators were blinded to compound identity although not dose. The mice were restrained and injections made into their tail veins with a 30-gauge needle. At the onset of hypnosis, mice were placed on their backs, kept warm (>36.0°C) via a heating pad, and the time until return of their righting reflex (consistently able to maintain three of four paws on the ground) recorded. Group sizes for ML306 were n = 4, n = 6, and n = 3 for 40, 80, and 100 mg/kg, respectively. Group sizes for 14 were n = 5, n = 5, and n = 6 for 40, 80, and 100 mg/kg, respectively. Group sizes for 12 and 13 were both n = 5 for 100 mg/kg. The number of mice per exposure group was based upon previous experience with agents of unknown potency and compound availability. McKinstry-Wu et al.
Anesthetic Discovery via High-throughput Screening
Statistical Analysis
High-throughput screening data were corrected and normalized using GeneData Screener Software as previously described. 19 Concentration-effect relationships for the HTS were derived using the publicly available curve fitting algorithm developed in-house, Grid, as previously described. 20 All non-HTS statistical analyses conducted using Prism 6.0 (Graphpad Software, Inc.; San Diego, CA) Flunitrazepam assay curve assessed with best-fit linear regression. Dose-response results were computed using four-parameter Hill equation. LoRR assays were compared with one-way ANOVA using Tukey multiple comparisons post hoc test. We used an alpha value of 0.05 for significance (all significant findings had P < 0.05) and all analyses were two-tailed.
Results
HTS
The screen of the compound library was conducted (as detailed in Methods) at six concentrations between 6.9 and 153 μM, a significant advantage afforded by the qHTS approach. The positive control, propofol, showed a consistent concentration-dependent pattern of fluorescence inhibition, with an average IC 50 of 23 μM ( fig. 1) . The compounds that both displayed full or partial inhibitory curves and had a maximum response six standard deviations above the mean in either normalized or uncorrected data sets were classified as "top actives" ( fig. 1, dark blue) , a total of 2,593 compounds. Other compounds that caused signal decrease but did not reach the standard for top active were categorized as weak active/indeterminate ( fig. 1,  lighter blue) . To further characterize the top actives, they were grouped by structural similarity. There were a total of 261 structural clusters among the top actives, defined using a lower limit of 0.7 for the Tanimoto coefficient to define structural similarity. There were an additional 176 compounds among the top actives not structurally similar to any other in the group.
Compound Selection and Secondary Screens
From among the top active compounds, 700 were chosen for additional follow-up based upon structure-activity relationships, maintaining the broad diversity of structures, molecular weight, partition coefficient, and ligand efficiency (Gibbs free energy per nonhydrogen atom of the compound). 22 Those 700 compounds were retested in the original qHTS assay to confirm activity, which was reproducible for all compounds (data not shown). A subset of the 70 compounds with the highest ligand efficiency from among the 700 retested compounds were selected for confirmation of apoferritin interaction in a secondary assay using ITC ( fig. 2) fig. 3 , also see section on anesthetic potency), suggesting that efficacious compounds might act through GAB-A A R-independent mechanisms.
Anesthetic Potency and Medicinal Chemistry
Based on the initial screens demonstrating high ligand efficiency, confirmed strong interactions with apoferritin as measured by ITC, and the largest number of members in the top active list, the 6-phenylpyridazin-3(2H)-one chemotype ( fig. 4) was chosen for resynthesis, medicinal chemistry, and further investigation of anesthetic activity via tadpole assays. Among members of the 6-phenylpyridazin-3(2H)-one chemotype, efficacious compounds with high potency, inducing tadpole immobility after 60-min exposure, and low toxicity tended to fall within the 2-(6-oxopyridazin-1-yl)-N-(2-phenylethyl)acetamide family ( fig. 4) . As shown in figure 4, our initial exploration at six-position of the pyridazin-3-one showed that smaller groups or rings is not well tolerated. For example, entries 1 to 3 showed reduced activity or no effect on immobilizing the tadpoles. Similarly, replacing with more hydrophilic groups such as pyridine analog 15 and N,N-dimethylphenyl analog 11 resulted in substantial loss of anesthetic activity in tadpoles. This phenomenon was consistently observed with similar analogs that are not included here. However, para-substitution of phenyl ring at six-position with lipophilic groups improved the potency Fig. 1 . Three-dimensional plot of quantitative high-throughput screen showing inhibition of the apoferritin/1-aminoanthracene interaction by propofol control (green), top active compounds (dark blue), and weak actives/indeterminate compounds (blue). Top actives and weak actives/indeterminates represent 7.3% of the total compound library screened. This figure is publically available at http://www. ncbi.nlm.nih.gov/books/NBK153223/ and permission to reproduce is not required.
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that is exemplified by the percentage of immobile tadpoles at 10 μM for compounds 5 and 11 to 14. Fortunately, these compounds showed minimal or no toxicity against tadpoles at 10 μM concentrations. However, similarly substituted analogs at ortho and meta positions showed decreased potency with increased toxicity as seen with compounds 6 and 7 in figure 4 as representative examples. The six-substitution pattern of the pyridazin-3-one core appears to be essential for the modulation of anesthetic activity as evidenced by complete loss of potency for 5 and 6 substituted analogs 32, 37, and 38 ( fig. 5) . Our attempts to replace the pyridazin-3-one core with smaller or similar heterocycles resulted in inactive compounds (representative analogs shown in fig. 5 ).
Our next focus of structure-activity relationship exploration was modification of the side chain at the two-position as shown in figure 6 represented by selected analogs. The amide linkage is critical for the anesthetic activity as evidenced by complete loss of activity for analogs 27 to 29. Increased potency was observed upon introducing more lipophilic side chains containing phenyl, furan, thiophene, and cycloalkyl groups as noticed with analogs 16 to 23 and 26. Analogs 24 to 25 showed no anesthetic profile against tadpoles suggesting that hydrophilic groups are less tolerated in this region. It is also important to note that a two carbon linker (analog 5) is needed to manifest optimal anesthetic activity whereas a one carbon or three or more carbon linkers decreased the potency as shown for entries 21 and 22, respectively. Our structure-activity relationship exploration resulted in para-substituted phenyl groups at the six-position of the pyrazinone core bearing a phenylethyl amide moiety side chain provided best anesthetic profile (analogs 5, 12, 13, and 14) and minimal toxicity with favorable in vitro absorption, distribution, metabolism, and excretion and in vivo pharmacokinetic properties for further profiling. Figure 7 provides a summary of the structure-activity relationship assessed during the medicinal chemistry optimization. We found four compounds that produced greater than 90% immobility after a 1-h exposure at 10 μM as well as less than 10% lethality at 24-h postexposure ( fig. 4) . These four compounds were advanced for testing of anesthetic activity in mice.
Mammalian Anesthetic Activity
The cyclodextrin vehicle alone produced no behavioral effects whatsoever. Similarly, two of the compounds, 12 and 13, failed to produce LoRR in mice at the highest doses tested (100 mg/kg, data not shown). At intravenous molesper-kilogram doses roughly twice that of propofol, both ML306 (5) and 14 produced rapid (<20-s onset) LoRR in mice (at the highest doses, three mice were used for ML306 [5] and six mice for 14) , an endpoint shown to correlate with loss of consciousness in humans ( fig. 8A ). Mean duration of LoRR with ML306 (5) at 100 mg/kg (0.29 mmol/ kg) was 245 ± 65 s, while 14 at the same dose (0.26 mmol/ kg) produced a mean LoRR of 860 ± 242 s ( fig. 8, B and C) . This compared favorably to propofol where 20 mg/kg (0.11 mmol/kg) produced 445 ± 27 of LoRR.
Anesthetic potency for the members of the chemotype did not follow the Meyer-Overton rule, with the two inactive compounds having a lipid solubility in between the anesthetically active compounds (CLogP was 1.62, 1.97, 2.59, and 2.95 for compounds 5, 12, 13, and 14, respectively). 
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In terms of bioavailability, pharmacokinetic profiling of an index member of the chemotype (compound 5) did not show any remarkable patterns of uptake, distribution, or elimination (data not shown).
With both compounds, immediately after return of righting reflex the mice continued to appear sedated, demonstrating slow exploration of their environment and little aversion to handling, effects that dissipated 10 to 20 min after return of righting reflex. Mice injected with either compound did not suffer any gross residual behavioral effects or toxicities for up to 2 weeks after injection.
Discussion
This initial investigation used an objective, protein-based approach to ultimately focus on the 6-phenylpyridazin-3(2H)-one chemotype, and the 2-(6-oxopyridazin-1-yl)-N-(2-phenylethyl)acetamide subtype in particular. The two final novel anesthetics described here should still only be considered as "probes," that will require further medicinal chemistry optimization. Even within the 6-phenylpyridazin-3(2H)-one chemotype, there were multiple compounds demonstrating high anesthetic potency and low toxicity via the tadpole assay that have yet to be fully characterized 18 in a mammalian model and could very well yield useful alternative probe compounds. Moreover, beyond the 6-phenylpyridazin-3(2H)-one chemotype are the many top active compounds that have not yet been characterized; many may have anesthetic activity as predicted by the surrogate assay.
Our ability to deploy a highly miniaturized surrogate assay based on the apoferritin-AMA system has enabled the testing of several hundred thousand small molecules in a concentration-response mode within the span of several days, thus providing a facile entry to potential general anesthetics. However, despite the success in identifying a novel chemotype of anesthetic (albeit one that requires further development), there were a number of limitations inherent in the screening process that require consideration. The qHTS relies upon a readout of fluorescence inhibition as the marker for successful compound competition with 1-AMA, or binding to the apoferritin general anesthetic site. This reliance on fluorescence yield does not take into account the possible confounding effect of optically active compounds (inner-filter or flourescent resonance energy transfer) rather than actually interacting with apoferritin. This results in false positives, which are always expected in a large screen and which would ideally be corrected using a secondary confirmatory screen. A full confirmation of the apoferritin-compound interaction for all active compounds via ITC would have served this purpose, except this secondary assay has limitations as well. For example, the limited solubility of an average "hit" molecule in some cases prevented effective evaluation with ITC, and ITC is low to moderate through-put. Another approach could involve reversing the common paradigm of starting with a virtual screen ("docking") followed by confirmatory tests, 25 to start with the physical screen and confirm hits with docking to the target in question (in this case apoferritin) It is important to note that the success of any virtual "docking" approach depends on the quality of target three-dimensional structures.
While a strong correlation exists between apoferritin binding and anesthetic potency, 15 it was striking that a correlation between apoferritin binding and flunitrazepam binding to cortical membranes was absent. Select top active compounds, including the 6-phenylpyridazin-3(2H)-one chemotype representative, appear to not only not enhance, but to inhibit flunitrazepam binding. This probably represents allosteric inhibition, as is seen with bicuculline, but it could also reflect direct competition at the benzodiazepine binding site. Future studies of these candidate probes will examine this possible direct interaction at the benzodiazepine site. The lack of a correlation between allosteric potentiation of flunitrazepam binding and anesthetic potency suggests that although our initial hypothesis was that apoferritin binding would select for GABA A R specific anesthetics, apoferritin binding appears to select for general anesthetics targeting other functional substrates. For example, the apoferritin deep hydrophobic site mimics the critically important pharmacophoric features of hydrophobicity and cavity volume. Important electrostatic contacts such as hydrogen bonding, are not represented in this binding site. Given our recent finding that the appoferritin "anesthetic site" is a fatty-acid binding site, 26 the apoferritin qHTS may prove to be a useful screening tool for finding fatty acid receptor or enzyme ligands. Additionally, the lack of GABA A R specificity could be considered an asset in finding anesthetic chemotypes that engage entirely novel anesthetic target, as may have occurred here.
Much of the difficulty in developing novel anesthetics stems from the fact that the exact mechanism(s) or target(s) for the anesthetic state remains unknown. Even relying on pharmacophoric information has provided only vague assistance. In the current study, for example, four very similar members of the same chemotype have significantly different anesthetic phenotypes in mammals that could not have been predicted structurally or physicochemically. While the two inactive compounds, 12 and 13, both contain a similar ether functionality, and the anesthetically active compounds do not, we cannot say if and how this produces the change in anesthetic potency without knowing the structure of sites within their functional target(s).
Thus, the definition of anesthesia relies ultimately on an in vivo phenotype. Since anesthesia is currently defined behaviorally, the only reliable type of test to evaluate anesthetic potency is necessarily in vivo, performed here for throughput purposes in tadpoles. While less time-consuming and compound-consuming than, for instance, a mammalian assay, it is still ill suited to screening the hundreds of compounds classified as top actives from the qHTS. Using the stereotypic photoresponse of zebrafish embryos, a method pioneered by the Peterson Lab at Harvard, 27, 28 holds promise as a secondary in vivo phenotypic screen that might more efficiently analyze the top actives from this and other qHTS assays in the future.
Ultimately, the development of a truly effective screen for novel anesthetics will require identification of the specific molecular targets responsible for both the on-and off-target effects of anesthetics. Knowledge of those specific targets would reduce the need for a secondary phenotypic screen, and also permit a more focused optimization of probe molecules. However, the surrogate screen described herein provides another benefit, the discovery of novel chemotypes with unknown targets, the search for which may yield new insight into the state of anesthesia. (5) was −0.761 and the logED50 of 14 was −0.667. The logED50 of propofol (mmol/kg) in mice has previously been reported as −1.03. 25 Loss-of-righting reflex after intravenous administration of ML306 (B) and 14 (C). Both ML306 and 14 produced increased duration of loss-of-righting reflex in a dose-dependent fashion (P < 0.05 by one-way ANOVA with Tukey multiple comparisons test), although duration was considerably longer with administration of 14.
